Several groups have published flow cytometry scores useful for the diagnosis or prognosis of myelodysplastic syndromes (MDS), mainly based on the detection of immunophenotypic abnormalities in the maturation of granulocytic/monocytic and lymphoid lineages. As anemia is the most frequent symptom of early MDS, the aim of this study was to identify markers of dyserythropoiesis relevant for the diagnosis of MDS analyzed by selecting erythroblasts in a whole no-lysis bone marrow strategy by using a nuclear dye. This prospective study included 163 patients, including 126 with cytopenias leading to MDS suspicion and 46 controls without MDS. In a learning cohort of 53 unequivocal MDS with specific markers, there was a significant difference between the coefficients of variation of mean fluorescence intensities of CD71 and CD36 in MDS patients compared with controls. These two parameters and the hemoglobin level were used to build a RED-score strongly suggestive of MDS if X3. Using the RED-score in the whole cohort, 80% of MDS or non-MDS patients were correctly classified. When combined with the flow score described by Ogata et al., this strategy allowed to reach a very high sensitivity of 88% of patients correctly classified.
INTRODUCTION

Morphology remains the gold standard for the diagnosis of myelodysplastic syndromes (MDS). The current WHO (World Health Organization) classification
1 relies on the quantification of blast cells in bone marrow (BM) or peripheral blood and on the evaluation of BM dysplasia to stratify MDS patients. The diagnosis of MDS is straightforward if obvious morphological abnormalities are seen after standard or specific Perls' iron staining, or if specific cytogenetic abnormalities are present. If not, the patient is classified as having idiopathic cytopenia of undetermined significance (ICUS). 2 Over the past 20 years, several groups have developed new approaches in multiparameter flow cytometry (MFC) as diagnostic or prognostic tools in MDS. 3, 4 At present, although the respective value of several markers has been acknowledged, there is no consensus about a MFC panel validated to establish robust diagnosis or prognosis in MDS and no single immunophenotypic marker has proven to be able to discriminate accurately between MDS and other pathological conditions leading to cytopenia. Among the different studies published, very few relate specifically to the erythroid compartment. Yet, abnormalities in CD71 (transferrin receptor), CD36 (thrombospondin receptor) or CD235a (glycophorin-A) expression have long been reported in MDS. [5] [6] [7] [8] [9] Indeed, several authors have emphasized the specificity and consistency of decreased CD71 expression in MDS patients. 8, 10, 11 An important caveat in the quantification of erythroid precursors is the modifications induced by red blood cell (RBC) lysis. Elimination of mature non-nucleated erythroid cells is routinely performed in MFC with various reagents. The latter, however, can induce the lysis of some of the most mature acidophilic or polychromatophilic erythroblasts and/or result in an incomplete lysis of RBC impairing a proper analysis of the most immature cells. An alternative approach to study the erythroid compartment would be to use whole peripheral blood or BM with the addition of a nuclear dye in the MFC panel. To this avail, DRAQ5 or DRAQ7 (Biostatus Limited, Shepshed, UK) 12, 13 for instance, allow to discriminate nucleated and non-nucleated cells in MFC.
In this study, we developed a whole BM MFC protocol using the recently developed nuclear dye CyTRAK orange (Biostatus Limited) to gate nucleated cells. 14 This new protocol, avoiding RBC lysis, could enhance the accuracy of the MFC approach as diagnostic tool in MDS. The aim of this study was thus to develop this approach and propose a reproducible and simple MFC tool useful within the diagnostic work-up of patients suspected of MDS.
MATERIALS AND METHODS
This study comprised two stages corresponding to phases I and III of a diagnostic test development process. 15 The aim of phase I is to identify markers able to discriminate between cases (MDS) and control subjects. Phase III is a pragmatic one aiming at developing a diagnostic score using these markers and evaluating its diagnostic properties (sensitivity, specificity and predictive values) in routine practice.
Patients
As described in the flow chart (Figure 1 ), this prospective study included all patients (n ¼ 132) with cytopenias but without circulating blasts (to focus ) leaving 126 patients with data available for analyses. BM specimens were collected into heparinized Hank's medium (Eurobio, Courtaboeuf, France) and were processed within 2 h following aspiration.
Cytogenetic analyses were performed in 104 patients and molecular analyses in 15.
Morphological and cytogenetic analyses were used to classify patients as MDS or non-MDS. Patients classified as having an ICUS after these investigations were followed during at least 6 months and then definitely classified as MDS or non-MDS.
From the whole cohort of patients, a learning cohort was constituted with 53 MDS patients in whom the diagnosis of MDS was unequivocal using one or more of the following criteria: abnormal MDS-related karyotype, excess of blasts on BM smear and ring sideroblasts 415%. For the first stage of this study, 46 additional control patients without known MDS referred for BM investigation during the same period for other indications were included to constitute the control group. Twenty-five of 46 controls presented with anemia and 11 with other immune cytopenia ( Table 1) .
All investigations performed in this study were approved by the Cochin Ethics Committee (Comité Consultatif de Protection des Personnes) and the procedures followed were in accordance with the Helsinki Declaration.
The clinical and biological characteristics of the study population are reported in Table 1. MFC and morphological studies on BM cells Staining for MFC was performed on 5 million BM cells after one wash of whole BM in Dulbecco's phosphate buffered-saline (Eurobio). Two combinations of reagents were used. In a first set of 93 patients, cells were stained with CD36-FITC, CyTRAK orange, CD235a-PC7, CD117-APC, CD71-APC-Alexafluor 750 and CD45-Krom Orange according to manufacturer's instructions (Beckman Coulter). In the second set of 70 patients, CD64-PC7 was used instead of CD235a-PC7 and two different conjugates were used, respectively, CD71-APC-Alexafluor 700 and CD117-Brilliant Violet 421. To be sure that the results with the new panel (CD117-BV421, CD71-APC-AF 700) were identical, CD71CV was compared in 46 
Without MDS n=23
Morphologic, cytogenetic analyses Follow-up and CyTRAK orange purchased by Biostatus Limited. Data were acquired using a Navios flow cytometer (Beckman Coulter) and analyzed using the Kaluza software (Beckman Coulter). At least 5000 erythroblasts were acquired for each patient to ensure the quality of the analysis. Geometrical means of fluorescence (GMFI) and their coefficient of variations (CVs) were collected for CD71, CD235a and CD36 for erythroblasts in all patients. For 59 patients, after a first MFC analysis, RBC lysis was performed using Versalyse (Beckman Coulter) according to the manufacturer's instructions and the same data were acquired for erythroblasts and lymphocytes, allowing to compare both conditions. At the same time, cytocentrifuge preparations (Thermo Fisher Scientific, Asniè res sur Seine, France) were performed to compare cell morphology after May-Grü nwald-Giemsa's staining.
The Ogata MFC-score was calculated for each patient, as previously described. 17, 18 All MFC analyses were performed blinded of morphological or cytogenetics results, and reciprocally.
Cytogenetics
Conventional RHG-banded karyotype was performed on BM cells after 24 h in vitro culture and chromosomal abnormalities described according to the International System for Human Cytogenetic Nomenclature (2013). 19 Molecular analyses DNA was extracted from BM cells and submitted to gene mutation screening of TET2, ASXL1, U2AF35 and SRSF2 as described previously. 20 
Statistical analyses
For continuous variables, the D 0 Agostino and Pearson normality tests enabled to investigate data distribution. For parameters with a normal distribution, Student's t-test was used to compare mean differences between groups, whereas the Mann-Whitney test was used for parameters with non-Gaussian distribution. For categorical variables, differences between groups were investigated with the w 2 -test or the Fisher's exact test when necessary. All tests used were two-tailed tests and a P-valueo0.05 was considered as significant.
In the first stage of this study, the new MFC protocol was tested in a learning cohort of 53 MDS patients and 46 controls to establish significant parameters to discriminate between MDS patients and controls.
In the second stage of this study, baseline characteristics of the patients of the cohort were screened as candidate indicator variables of MDS. Each variable that achieved a significant level of P-valueo0.2 was retained as candidate variable. To dichotomize each continuous candidate variable, receiver-operator characteristic (ROC) curves and Youden index were used to determine the cut-off value. 21 A multivariate logistic regression model (backward elimination) was then used to assess the maximum likelihood estimates of the parameter coefficients and the statistical significance of each candidate variable. The good ness-of-fit of the model to the data was evaluated by calculating the Hosmer-Lemeshow statistics. 22 Finally, we assigned points for the score in order to respect the existing ratios between each indicator regression parameters coefficients. The score was then computed for each patient of the cohort and a ROC curve analysis was performed in order to compute the area under the ROC curve and its corresponding 95% confidence interval (CI). In order to estimate the diagnostic power of the cytometric RED-score, specificity, sensitivity, positive predictive value, negative predictive value and their 95% CI were calculated. Analyses were performed using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA) and Stata software, version 12.1 (StataCorp LP, College Station, TX, USA).
RESULTS
Comparison of no-lysis and RBC lysis strategies
Results obtained without or after RBC lysis were compared for 59 patients regarding erythroblasts, lymphocytes and granulocytes parameters, including forward scatter, CD71 and CD36 RFI. Forward scatter was drastically and specifically reduced for erythroblasts after RBC lysis (median 152 versus 373, Po0.0001) with less severe yet still significant modifications in granulocytic (median 529 versus 492, Po0.0001) or lymphocytic (median 284 versus 293, P ¼ 0.005) lineages (Figure 2a) . Erythroblastic morphology was well preserved in whole BM samples, but significantly modified by RBC lysis, as most of the mature forms were reduced to naked nuclei and only the most immature forms such as proerythroblasts or basophilic erythroblasts were still identifiable on smears (Figures 2b and c) .
Evaluation of MFC abnormalities in MDS: learning cohort The analytical strategy of whole BM no-lysis assessment in MFC is depicted in Figure 3 . Briefly, after elimination of doublets and debris, nucleated cells were isolated using a CyTRAK orange labeling threshold and erythroblasts were gated using CD36 and CD71 staining. GMFI and CV values were collected for CD36, CD71, CD117 and CD235a in a learning cohort of 53 MDS patients and 46 controls. There was a significantly lower GMFI for CD36 (median 19.4 versus 29.8, Po0.0001) and CD71 (median 45.5 versus 63.7, P ¼ 0.0002) in MDS patients compared with controls (Figure 4a) . Conversely, no significant difference was observed for CD117 and CD235a GMFIs, despite the fact that CD117 expression was abnormally high in 22% of MDS patients (data not shown). CVs were significantly higher in MDS patients than in controls for CD36 (median 73.5 versus 62.8, Po0.0001) and CD71 (median 83.5 versus 64.5, Po0.0001; Figure 4b ). As the statistical significance was better for CV than for GMFI, CD71 CV and CD36 CV were selected as the best tools to discriminate between MDS and controls. For 59 patients (38 MDS and 21 controls), the effect of RBC lysis was measured on CD71 and CD36 CVs (Figures 4c and d) . For CD71CV, the difference was still highly significant between MDS and controls after RBC lysis (P ¼ 0.0001 versus Po0.0001) but the gap was reduced in the lysis condition with a difference between the medians of MDS patients and controls of 6% instead of 17% without RBC lysis. The CD36 CV was similar between the two conditions with differences in medians of 57 versus 65, respectively, and a similar level of significance at P ¼ 0.002. The modification in the panel of antibodies (CD71 conjugate switched from APC-AlexaFluor 750 to APC-AlexaFluor 700) did not induce modifications of the CD71CV in MDS patients (median 82 versus 77, P ¼ 0.07; Supplementary  Figure 1) .
Correlation of CD71 CV and CD36 CV with complete blood count and IPSS-R For 75 MDS patients with an available complete blood count and no history of transfusion, the correlation between CD71 CV, CD36 CV and hemoglobin (Hb), mean corpuscular volume, neutrophils and platelets counts was examined. CD71 CV and CD36 CV were highly negatively correlated with Hb levels (P ¼ 0.0002 and P ¼ 0.0012, respectively; Figure 5 ). As revised International Prognostic Scoring System (IPSS-R) is the most up-to-date prognostic index in MDS patients, 23 the correlation between CD71 CV, CD36 CV and IPSS-R was examined. The latter was available in 83/91 MDS patients who benefited from a karyotypic analysis. No significant correlation was observed between CD71 CV or CD36 CV and IPSS-R or WHO classification, perhaps owing to a low number of high-risk patients in our cohort.
Evaluation of CD71 CV and CD36 CV as a diagnostic tool in MDS: definition of the RED-score Initially after morphological and cytogenetic examination, 84 patients were diagnosed as MDS, 35 as ICUS and MDS was excluded in 7. For 15 ICUS patients, the four most mutated genes in MDS (TET2, ASXL1, U2AF35 and SRSF2) were screened but no mutation was found.
After 6 months follow-up, morphology and cytogenetics led to a definite MDS diagnosis in 99 patients and MDS was excluded in 23 patients. Four patients were lost to follow-up and subsequently excluded.
Screening baseline characteristics of the 122 patients of the cohort revealed four variables significantly associated with MDS diagnosis: CD71 CV (P ¼ 0.0001), CD36 CV (Po0.0001), Hb level (P ¼ 0.0041) and the Ogata MFC-score (P ¼ 0.032).
Using ROC curves and Youden indexes, CV thresholds were subsequently defined as 80% for CD71 CV and 65% for CD36 CV, Hb threshold as 1.5 g/dl under the normal value for each sex and Ogata MFC-score threshold as 2 points, as previously described, 17, 18 ROC curves, sensitivity and specificity for the four parameters are presented in Supplementary Figure 1 .
These four markers and sex (P ¼ 0.188 in the univariate analysis) were entered in a multivariate logistic regression. Following a backward elimination process, only CV71 (regression coefficient (RC) ¼ 2.80, CI 95% ¼ (1.09-4.52), P ¼ 0.001), CV36 (RC ¼ 1.89, CI 95% ¼ (0.34-3.44), P ¼ 0.017) and Hb level (RC ¼ 1.90, CI 95% ¼ (0.14-3.67), P ¼ 0.035) were still significantly associated with MDS diagnosis. The P-value associated with the Ogata MFCscore was equal to 0.095. The Hosmer-Lemeshow statistics was 2.26 df8 (P ¼ 0.89), indicating that the data were adequately fit to a logistic function. The RED-score was then built using coefficients of logistic regression. The three parameters used were combined as follows: 3 points for a CD71 CVX80, 2 points for a CD36 CVX65 and an Hb level under 1.5 g/dl from normal values (respective of sex), with a total expected score varying from 0 to 7. A diagnosis of MDS was formulated if the RED-score was X3. On the whole cohort of 110 patients evaluated (Hb level missing for 12 patients), 71 patients were thereby classified as MDS. Details of RED-score values for the 110 patients are presented in Figure 6 . Nineteen percent of MDS patients had an abnormal CD71 only, whereas 26% had an abnormal CD36 only and 43% had both abnormal CD36 and CD71 (Supplementary Figure 2) . Among the whole cohort of 110 patients tested, the RED-score yielded a correct diagnosis for 88 patients. Overall, 69 of 89 confirmed MDS patients were correctly diagnosed (sensitivity ¼ 77.5%, CI 95% ¼ (68.9-86.2)), whereas 2 false positive cases were observed (specificity ¼ 90%, CI 95% ¼ (77.9-100)). Positive predictive value and negative predictive value were therefore of 97% (69/71) and 49% (19/39), respectively.
Combination of the RED-score and the MFC-score: toward the perfect algorithm? An Ogata MFC-score 17, 18 was available for 107 patients (15 patients were not eligible because of rituximab treatment or concomitant B-cell lymphoma). ROC curves for the MFC-score and the new RED-score are described in Figures 7a and b , respectively. ). ***P-value is highly significant.
In this cohort, 101 patients were tested with both scores. Fortyone of 83 MDS patients displayed an Ogata MFC-scoreX2 reflecting the weaker sensitivity of this test. Among the 42 patients with an Ogata MFC-scoreo2, a RED-scoreX3 was however observed for 32. Conversely, of 15 patients with a RED-scoreo3, 5 had an Ogata MFC-scoreX2. Interestingly, 73 of 83 (88%) MDS patients had either a RED-scoreX3 or an Ogata MFC-scoreX2. Comparison of both scores and their combination are detailed in Supplementary Table 1 . With this approach, the sensitivity was significantly increased (87.9%), whereas the specificity remained high (88.9%); positive predictive value and negative predictive value were therefore of 97% (73/75) and 61% (16/26), respectively.
DISCUSSION
This study demonstrates that analysis of erythroblasts in no-lysis whole-BM approach is feasible, after exclusion of non-nucleated cells by their absence of staining with CyTRAK orange. This yielded the observation of both a significant decreased fluorescence and broader peaks for CD71 and CD36 in MDS samples compared with control BM. This is likely due to the coexistence of pathological and normal erythropoiesis in MDS patients, where the decreased expression of these markers in the pathological clone induce increased GMFI CVs. CVs are statistical parameters directly available from flow cytometers analysis software. CVs are less affected than GMFI by intrinsic variations between patients or between instruments and provided here the best discrimination between patients and controls.
A preliminary step in our approach was to determine the best analytical process in order to detect with the highest sensitivity differences between MDS patients and controls. As shown here, RBC lysis is deleterious not only for enucleated RBC but also for erythroblasts that have a drastic reduction in size (60%), whereas other nucleated cells are not significantly affected. Indeed, after red cell lysis, erythroblasts are reduced to cells almost devoid of cytoplasm or even to naked nuclei, therefore possibly compromising the detection of surface antigens.
In a first step, comparison of four surface markers of erythroblasts between 53 unequivocal MDS patients and 46 controls allowed to identify CD71 and CD36 CVs as highly sensitive and robust discriminative tools for MDS diagnosis. Using a simple algorithm combining the two CV and the degree of anemia, MFC by itself was able to predict the correct diagnosis in 80% patients of a larger cohort of 110 patients in the second step of the study. Interestingly, both CVs are highly negatively correlated with Hb levels, indicating that this approach will be particularly successful for patients presenting with anemia, who represent the majority of patients with suspected MDS. Indeed, 16 of 20 patients with MDS for whom the RED-score was o3 did not suffer from anemia. Nine of these patients had an abnormal CD36 CV and could therefore have been diagnosed if they had been anemic. Among the four remaining patients who had anemia, two were ultimately diagnosed with 5q-syndrome. It can be hypothesized that the mechanism of anemia can be different in these patients and more related with erythroblastopenia rather than with dysplasia. Conversely, the two non-MDS patients, classified as false positive with a RED-scoreX3, were initially diagnosed with ICUS, had no anemia and mainly suffered from moderate thrombocytopenia. In these patients with slight or absent dysplasia, there was no element for a diagnosis of MDS and they were finally considered as non-MDS patients after 6-month follow-up. It cannot, however, be excluded that they indeed suffered from an early-stage MDS and will develop overt MDS with long-term follow-up. Very recently, the Munich Leukemia Laboratory team demonstrated that with longer follow-up, half of patients with MFC abnormalities and without proof of myelodysplasia by cytomorphology or cytogenetics indeed developed overt disease, enhancing the role of MFC in the early diagnosis of MDS. 24 When combining the results of the new RED-score with those of the Ogata MFC-score, 17 a very high sensitivity was reached in the diagnosis of MDS by MFC as 88% of patients were correctly classified. We thus believe that MFC can be a useful tool in the diagnosis of MDS, particularly for patients with no obvious dysplasia in cytomorphology. Of note, MFC provided a diagnosis in this series, for the 28% of cases where cytomorphology and cytogenetics were inconclusive. In such cases, clinical management is influenced by follow-up but also by the degree and type of cytopenia, that is, clinicians are more prone to treat symptomatic anemia than asymptomatic moderate thrombocytopenia. MFC could thus in some cases sustain a MDS diagnosis and help the clinician to choose between supportive care and erythropoietin supplementation. In our experience, patients with cytopenias associated with dysplasia in a context of inflammation, iron deficiency or thalassemia did not show abnormalities of CD71 nor CD36 CV (data not shown). The RED-score could therefore be quite specific for MDS and help in distinguishing MDS from dysplasias of undetermined significance. These results need to be validated through a future multicentre study, which will demonstrate whether this RED-score is easily transposable to another center and which precautions need to be implemented to ensure reproducibility: harmonized photomultiplier settings with standardized beads, use of same fluorochromes.
